We determined the effect of chronic hyperglycemia associated with diabetes on recovery of cerebral pH after global incomplete cerebral ischemia.
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Background and Purpose We determined the effect of chronic hyperglycemia associated with diabetes on recovery of cerebral pH after global incomplete cerebral ischemia.
Methods "P magnetic resonance spectra and cerebral blood flow (radiolabeled microspheres) were measured in three groups of dogs: (1) chronic hypergh/cemic diabetes (pancreatectomy followed by blood glucose >10 mmol/L for 3 months; n=8); (2) acute hyperglycemia during ischemia and reperfusion in nondiabetic dogs (n=8); and (3) normoglycemic controls (n=8). Incomplete ischemia was produced for 20 minutes by ventricular fluid infusion followed by 3 hours of reperfusion.
Results Cerebral blood flow was reduced to approximately 5 mlVmin per 100 g in all groups during ischemia with individual values ranging from 1 to 11 mL/min per 100 g. Blood flow returned to preischemic values by 30 minutes of reperfusion in the normoglycemia group but remained elevated during reperfusion in the acute hyperglycemia and diabetes groups. Cerebral pH at the end of ischemia was lower in acute hyperglycemia (5.94±0.05; ±SE) and diabetes (5.97±0.08) groups than in the normoglycemia group (6.27±0.02). However, recovery of pH through 90 minutes of reperfusion in the E xperimental studies have shown that acute moderate hyperglycemia existing before global brain ischemia worsens neurological damage. 1 A proposed mechanism for hyperglycemia-enhanced ischemic brain damage is that, in the presence of ischemia, oxidative metabolism of glucose decreases and anaerobic glycolysis, with its end product of lactic acid, is enhanced by increased glucose supply. With enhanced intracellular lactic acid accumulation, brain intracellular pH (pH) decreases and is thought to lead to compromised cellular function and, in severe cases, cell death.
2 -3 This hypothesis is supported by experiments showing necrosis caused by intracerebral injection of lactic acid, 4 by the greater increase in tissue lactate and decrease in tissue pH when acute hyperglycemia accompanies global incomplete ischemia, 2 -5 - 8 and by the greater histological injury associated with hyperglycemic ischemia. 19 ' 10 normoglycemia (7.08±0.05) and diabetes (7.00±0.04) groups was significantly greater than in the acute hyperglycemia group (6.74±0.11). Persistent acidosis in the acute hyperglycemia group was associated with a delayed reduction of cerebral oxygen consumption and high-energy phosphates and with greater cortical water content and impairment of somatosensory evoked potentials compared with the diabetes group. Conclusions This study shows that cerebral pH recovery after global incomplete ischemia is improved in chronic hyperglycemia compared with acute hyperglycemia, despite similar decreases in blood flow and pH during ischemia and similar levels of blood flow and glucose levels during ischemia and reperfusion. In addition, cerebral pH recovery in chronic hyperglycemic dogs was not different from that in normoglycemic controls. These results suggest that an adaptation occurs with chronic hyperglycemia that improves recovery of cerebral pH during reperfusion and that is associated with better maintenance of energy metabolism and evoked potentials and with less edema over 3 hours of reperfusion compared with acute hyperglycemia. In these experimental studies, hyperglycemia was induced acutely before ischemia. Clinically, diabetes is associated with an increased incidence of cardiovascular morbidity 11 and a poorer neurological outcome after stroke. 12 While it is assumed that chronic hyperglycemia associated with diabetes adversely affects stroke outcome, the vascular pathology associated with this disease may also be important. Our laboratory has used the pancreatectomized dog model of diabetes to examine the effects of chronic hyperglycemia on cerebral blood flow (CBF) and metabolism. 1314 In this model, histologically defined microangiopathy does not occur until after 2 to 3 years of poorly controlled diabetes. 13 Thus, by examining shorter periods of diabetes, the effects of chronic hyperglycemia before the development of microangiopathy can be assessed. Recently, Warner et al 16 reported that 5 to 7 days of streptozotocin-induced diabetes in rats without insulin treatment resulted in augmented ischemic damage.
The aim of the present study was to determine the effect of the chronic hyperglycemia of diabetes on pH f during cerebral ischemia and on immediate metabolic recovery. By comparing the results in diabetic dogs with equivalent levels of acute hyperglycemia before and during ischemia and during reperfusion in nondiabetic dogs, we determined whether there are adaptations to chronic hyperglycemia that influence the cerebral metabolic response to global ischemia as assessed by phosphorus magnetic resonance spectroscopy (MRS). Comparisons were also made with normogrycemic controls. We tested the hypothesis that the decrease in pH; during ischemia is greater with diabetic chronic hyperglycemia than with nondiabetic acute hyperglycemia and that augmented acidosis persists during reperfusion in association with persistent hyperglycemia.
Materials and Methods
All procedures were approved by the institution's animal care and use committee. To produce diabetes, total pancreatectomy under halothane anesthesia was performed on conditioned, purebred, male beagle dogs as described previously. 1314 Surgery was followed by a 3-month period of blood glucose management with subcuticular insulin injections. Daily blood samples were drawn from a foreleg vein between 8 and 9 AM (after overnight fasting) and at 3 PM (after main feeding) for analysis of glucose. The dose of insulin was adjusted individually to maintain blood glucose between 10 and 17 mmol/L throughout the day and averaged 1.4 U/kg per day.
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On the day of the experiment, dogs were anesthetized with fentanyl (50 jig/kg IV) and pentobarbital (10 mg/kg IV) followed by a pentobarbital infusion (3 mg/kg per hour IV). Pancuronium bromide (0.1 mg/kg IV) was injected for muscle paralysis. The trachea was intubated, and the lungs were mechanically ventilated. Vascular catheterization was the same as previously described. 5 A thermistor was inserted between bone and dura to monitor epidural temperature. A Silastic ventricular drain catheter with multiple side ports was inserted into the lateral ventricle for measuring intracranial pressure (ICP) and infusing artificial cerebrospinal fluid (CSF). 5 A silver ball electrode was secured in a burr hole over the somatosensory cortex for measuring somatosensory evoked potentials (SEPs). 5 The body of the dog was wrapped in a plastic bag and placed on a blanket perfused with recirculating warm water. The head was held in a frame to maintain constant position of the MRS coil over the skull. A 5-cm layer of fiberglass insulation in a plastic bag was placed over the MRS coil and exposed skull to maintain epidural temperature at 37°C to 38°C. Inspired O 2 was «* 25% to maintain oxyhemoglobin saturation. End-tidal CO 2 was monitored, and ventilation was adjusted to maintain PacO2 at 35 to 40 mm Hg.
To produce global incomplete ischemia, prewarmed artificial CSF was infused into the lateral ventricle to continuously regulate ICP 10 mm Hg below mean arterial pressure for 20 minutes. This procedure maintains a relatively constant level of reduced CBF. 3 Epidural temperature was carefully controlled throughout the experiment and remained at 38°C. To start reperfusion, the CSF pressure reservoir was disconnected, and ICP was allowed to normalize spontaneously. The postischemic reperfusion time period was 3 hours.
Regional CBF was measured with radiolabeled microspheres 16±0.5 nm in diameter (Dupont NEN Products) as previously described. 13 ' 14 Arterial and sagittal sinus blood samples were collected anaerobically and analyzed immediately for pH and PcOj and Po^ using a Radiometer analyzer and self-calibrating electrodes (model ABL 3). Oxygen saturation and hemoglobin concentration were measured using a Radiometer Hemoximeter OSM3. Blood glucose was measured with a Yellow Springs whole blood glucose analyzer (model 2300A). Global cerebral metabolic rate of oxygen uptake (CMRO 2 ) was calculated as previously described. 1314 
31
P MRS was performed using a Vivospec spectrometer (Otsuka Electronics) with a 1.89-T, 25-cm bore superconducting magnet (Oxford Instruments). An inductively coupled, two-turn copper surface coil (5-cm diameter) was placed directly over the skull and centered between coronal and lambdoid sutures so that most of the signal was derived from cerebrum. Spectra were obtained as previously described.
-
17 Areas under each peak were analyzed by planimetry and expressed as a percentage of the control area under each peak. The area under the /J-peak of the nucleotide triphosphate was used for adenosine triphosphate (ATP). Chemical shift (a) of P, relative to phosphocreatine was measured, and pH, was calculated as pH|=6.73+log [(a-3.07)/ (5.68-a)]. An external standard (dimethyl 2-oxypropyl phosphorate) was used to verify spectral position when phosphocreatine disappeared. Intracellular bicarbonate ion concentration was calculated from the Henderson-Hasselbalch equation using a pK. of 6.12, pH, measured by MRS, and sagittal sinus PCO2 with a solubility coefficient of 0.0314 mmol/L/mm Hg. 5 Changes in sagittal sinus PCO2 were assumed to approximate changes in tissue PcO}.
Three groups of dogs (n=8 each) were studied: (1) chronic hyperglycemic diabetic dogs in which fasting and afternoon blood glucose was maintained at > 10 mmol/L for a duration of 3 months; (2) acute hyperglycemic nondiabetic dogs that were intravenously administered 50% dextrose approximately 20 minutes before ischemia and were maintained on a continuous infusion of 50% dextrose at a variable rate to keep blood glucose >10 mmol/L throughout ischemia and reperfusion; and (3) normogh/cemic controls. To document antecedent blood glucose control in these groups, hemoglobin A,C (Sigma Chemical Co) was measured on the day of the experiment. Phosphorus spectra were obtained at baseline in two 15-minute epochs (225 free induction decays each at a 4-second pulse interval), during 20 minutes of ischemia in four 5-minute epochs (75 free induction decays), during the first 20 minutes of reperfusion in 5-minute epochs, and then in 15-minute epochs at 30, 45, 60, 75, 90, 120, 150, and 180 minutes of reperfusion. Regional CBF and CMRO 2 were measured at baseline, 12 minutes of ischemia, and 7, 30, 90, and 180 minutes of reperfusion. At the completion of the protocol, a 200-mg sample of cortical gray matter was dried at 100°C for 48 hours to determine the fractional water content.
Comparison of variables among groups was made by a two-way ANOVA using a between-within design. If the F value for between-group effects was significant, or if the F value for group-time interaction was significant, then post hoc testing with the Newman-Keuls test was performed at each time point to compare mean values between groups. If the F value for the within-group factor (time) was significant, then a one-way repeated-measures ANOVA was performed for each group, and mean values at different time points were compared with baseline values by Dunnett's test. Values are given as mean±SE. In all tests, the significance level was P<.05.
Results
Before pancreatectomy, body weight was 11.8±3.9 kg. After 3 months of diabetes, there was little change in weight (+0.5±0.2 kg). The daily insulin dose was 1.4±0.1 U/kg. The morning blood glucose level before feeding was 11.5±0.6 mmol/L with a daily coefficient of variation in individual dogs averaging 31% over the 3-month period. The afternoon blood glucose level after the main feeding was 13.7±0.7 with a daily coefficient of variation of 29%. These results are similar to previous values obtained in diabetic dogs.
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Arterial blood analysis obtained in the three groups during ischemia and reperfusion are shown in the Table. Arterial blood gases were similar among groups. Arterial glucose levels in the acute hyperglycemic and diabetic dogs were similar during ischemia and reperfusion and were significantly greater than in the normogh/cemic group. Hemoglobin A,C levels were significantly elevated after 3 months of low-dose insulin management Values are mean±SE. *P<.05 from normoglycemia group at respective time.
(7.8±0.3%, 8.2±0.7%, and 11.9±0.5% hemoglobin A,C in normoglycemia, acute hyperglycemia, and diabetes groups, respectively). These elevations occurred without increases in blood ketone levels (0.7±0.2, 0.6±0.0, 1.0±0.1 mmol/L /3-hydroxybutyrate in normogrycemia, acute hyperglycemia, and diabetes groups, respectively). With elevation of ICP, mean arterial pressure initially increased over the first 7 minutes of ischemia and then returned toward baseline as ischemia continued (Fig 1) . As this occurred, ICP was adjusted to maintain cerebral perfusion pressure at 10 mm Hg. In all three groups, mean arterial pressure did not differ significantly from baseline after 7 minutes of ischemia or throughout the reperfusion period. Intracranial pressure returned to baseline by 7 minutes of reperfusion and did not differ among the three groups (Fig 1) .
Preischemic CBF was similar in all three groups. Blood flow to cerebrum was reduced to 5 mL/min per 100 g during ischemia (Fig 2) with individual values ranging from 1 to 11 mL/min per 100 g. Hyperemia at 7 minutes of reperfusion was similar among groups. Blood flow returned to preischemic values by 30 minutes of reperfusion in the normoglycemia group but persisted through 90 minutes of reperfusion in the acute hyperglycemia and diabetes groups. Delayed hypoperfusion was detected at 90 and 180 minutes in the normoglycemia group but was not observed in acute hyperglycemia and diabetes groups. Regional CBF in subcortical regions, brain stem, and cerebellum showed a similar pattern to that in cerebrum within each group. During ischemia, CMRO 2 was markedly reduced (Fig  2) . In the normoglycemia and diabetes groups, recovery of CMR0 2 was sustained throughout reperfusion, whereas significant reductions occurred in the acute hyperglycemia group at 90 and 180 minutes of reperfusion.
End-ischemic pH was lower in acute hyperglycemia (5.94±0.05) and diabetes groups (5.97±0.08) than that obtained in the normoglycemia group (6.27±0.02). The level of ischemic acidosis was similar in diabetes and acute hyperglycemia groups. However, recovery of pH in the diabetes group was similar to that in the normoglycemia group and significantly greater than that in the acute hyperglycemia group (Fig 3) . Estimated intracellular bicarbonate ion concentration fell sharply during ischemia in all groups (Fig 3) . During reperfusion, bicarbonate recovered in the normoglycemia and diabetes groups, whereas in the acute hyperglycemia group bicarbonate remained depressed throughout reperfusion.
There was no significant difference in the level of ATP attained at the end of ischemia among the normoglycemia (32±13% of baseline), acute hyperglycemia (30±13%), and diabetes (56±13%) groups. There was also no difference among groups in ATP recovery (Fig  4) . However, in the acute hyperglycemia group, there was a secondary decrease of ATP to 58 ±13% of baseline at 180 minutes of reperfusion. End-ischemic phosphocreatine was greater in the diabetes group (28±5% of baseline) than in the normoglycemia (14±6%) and acute hyperglycemia (2 ±2%) groups. In the normoglycemia and diabetes groups, phosphocreatine returned to near baseline levels by 12 minutes of reperfusion, whereas in acute hyperglycemia, phosphocreatine was significantly less than baseline levels throughout most of reperfusion (Fig 4) . The SEP was isoelectric within 3 minutes of the onset of ischemia in all dogs. Recovery of SEP amplitude at 180 minutes of reperfusion was less in the acute hyperglycemia group (6 ±2% of baseline) than in the normoglycemia (41 ±8%) and diabetes (39±17%) groups. Fractional cortical water content was elevated in the acute hyperglycemia group (0.829 ±0.004) compared with the normoglycemia (0.817±0.003) and diabetes (0.814±0.003) groups.
Discussion
This study shows that pH| recovery after global incomplete ischemia was better in chronic hyperglycemia than acute hyperglycemia, despite similar decreases in pH, and CBF during ischemia and despite similar elevation of blood glucose level during ischemia and reperfusion. In addition, pH, recovery in chronic hyperglycemia was not different from recovery in normogrycemic controls. These results indicate that acute hypergryce- mia initiated just before ischemia and maintained throughout reperfusion worsens pH,, whereas chronic hyperglycemia of 3 months' duration does not worsen pH, and metabolic recovery. This suggests that an adaptation occurs with chronic hyperglycemia that improves recovery of pH, during reperfusion. Furthermore, these results indicate that chronic hyperglycemia without superimposed microangiopathy causes changes in the ability of the brain to regulate pH, after ischemia. There are several adaptations to chronic hyperglycemia that may cause the diabetic subject to respond differently to cerebral ischemia. First, the ketonemia that occurs with diabetes may have a protective effect during hypoxic episodes. 1819 However, the ketone levels in our diabetic dogs were not elevated from those of nondiabetic dogs. Second, insulin can modulate ischemic brain damage. 2022 In the present study, the diabetic dogs received no insulin for at least 24 hours before the experiment. Therefore, higher insulin levels could not account for improved recovery in the diabetic dogs. Third, diabetes leads to increased activity of the polyol pathways and protein kinase C, changes which are thought to inhibit the activity of Na + ,K + -ATPase. phosphocreatine in the diabetes group (28±5% of baseline) than in the acute hyperglycemia group (2±2%) supports this hypothesis. Less depletion of phosphocreatine during ischemia theoretically could accelerate pH, recovery by providing greater energy reserves at the onset of reperfusion. Fourth, carbohydrate stores at the onset of ischemia may be higher in the diabetes group. 2426 With the reported 40% elevation in brain glycogen content as measured in diabetic rats, 25 it is possible that cerebral high-energy phosphates could be better maintained for several minutes. However, it is unlikely that elevated glycogen could sustain phosphocreatine for 20 minutes with the severity of ischemia produced in the present study, unless there was also a concurrent reduction in energy demand.
It is clear that the augmented lactic acid production by hyperglycemia contributes to brain acidosis. 30 the present study found delayed reductions in CMRO 2 and high-energy phosphates in the acute hyperglycemia group accompanied by greater depression of SEPs and greater edema formation. However, the present study differs from previous studies in that elevated glucose was maintained throughout reperfusion. Persistent hyperglycemia after an ischemic insult may have contributed to the persistent acidosis in this group and accelerated the delayed metabolic alterations. In support of this possibility, persistent acidosis during reperfusion has been found to cause additional depression of postischemic SEPs. 31 Furthermore, Siemkowicz 21 found that combined preischemic plus postischemic hyperglycemia produced greater neurological deficit than preischemic hyperglycemia alone. Thus, the early improvement in pH, recovery seen in the diabetes group may be important in preventing delayed metabolic deterioration.
The role of persistent lactic acid production in determining pH| recovery during reperfusion is unclear. Widmer et al 8 noted persistent lactate levels in postischemia only in rats with extremely high glucose levels. Persistent lactic acidosis depends on two separate effects: (1) lactic acid production that is dependent on rate of glucose consumption relative to restoration of oxidative phosphorylation and (2) rate of lactic acid efflux. The rate of brain glucose influx and lactic acid production during reperfusion may be higher in acute hyperglycemia than diabetes and account for the slower pH, recovery in acute hyperglycemia. Lactate was not measured in this study to discern this possibility.
Recovery of pHj may also depend on lactate transport across cell membranes 32 and across the blood-brain barrier via the monocarboxylic carrier-mediated transport system. 33 Diabetes can increase blood-brain barrier transport of butyrate, 34 which uses the monocarboxylic carrier. Thus it is possible that diabetes increases bloodbrain barrier efflux of lactate during reperfusion and thereby accelerates pHi recovery.
It is controversial whether blood-brain glucose transport is altered in diabetes. Some investigators report that the number of brain glucose transporters following streptozotocin-induced diabetes is decreased, 35 and other data suggest that maximum glucose transport capacity of the blood-brain barrier is decreased. 36 However, these results could not be verified by other investigators, who in fact have reported an increase in microvessel transporter density. 37 - 38 Changes in transporter density could influence the level of tissue lactic acidosis during ischemia and reperfusion. One might expect that a change in glucose transporter density would have an impact on glucose uptake when blood flow is low. However, we did not detect any difference in ischemic pH, between acute hyperglycemia and diabetes groups, suggesting that any differences in transporter density were not of sufficient magnitude to have an impact on the degree of lactic acidosis during ischemia.
Three concerns must be expressed as to the clinical relevance of this study. First, the method of production of acute hyperglycemia, namely the continuous infusion of 50% dextrose, does not accurately represent the acute hyperglycemia of human stroke, which is a stress response. Thus, the acute hyperglycemia of stroke patients may include more than just a simple elevation of glucose and also involve glucocorticoids. The conclusions regarding acute hyperglycemia in this study may not be applicable to the acute hyperglycemia in nondiabetic stroke patients. Our rationale for inclusion of an acute hyperglycemia group was merely to act as a control for the known adverse effects of elevated glucose during global ischemia. Second, our data are limited to 3 hours of reperfusion. Warner et al 16 showed that diabetic rats without insulin treatment had greater ischemic neuronal injury than normoglycemic rats. Thus, we cannot exclude that delayed neuronal necrosis would be greater in dogs with uncontrolled diabetes. On the other hand, delayed postischemic pH ( recovery in acute hyperglycemia is associated with greater histopathologic damage.'- 6 -910 Third, these results may be specific for conditions of this experiment, namely, (1) 3 months' duration of diabetes, (2) global and not focal ischemia, (3) severe incomplete ischemia and not necessarily complete ischemia, and (4) 20-minute ischemia duration.
In summary, this study shows that chronic hyperglycemia associated with diabetes causes adaptations in the brain that hasten the recovery of pH, after ischemia and result in better maintenance of energy metabolism, SEPs, and tissue water content compared with acute hyperglycemia. Possible adaptations include alterations in blood-brain barrier transport of glucose and lactate or reduced energy demand during the ischemic period.
